In the present paper, a new fifth-order shear and normal deformation theory (FOSNDT) is developed for the bi-directional bending analysis of laminated composite and sandwich plates subjected to transverse loads. This theory considered the effects of both transverse shear and normal deformations. In-plane displacements use a polynomial shape function expanded up to fifth-order in terms of the thickness coordinate to properly account the effect of transverse shear deformation. Transverse displacement is the function of x, y and z-coordinates to account the effect of transverse normal deformations i.e. thickness stretching. Hence, the present theory involves nine unknowns in the displacement field. The present theory does not require a problem dependent shear correction factor as it satisfies traction free boundary conditions at top and bottom surfaces of the plate. The governing differential equations and associated boundary conditions are obtained using the principle of virtual work. The plate is analysed for simply supported boundary conditions using Navier's solution technique. To prove the efficiency of the present theory, the nondimensional displacements and stresses obtained for laminated composite and sandwich plates are compared with existing exact elasticity solutions and other theories. It is observed from the comparision that the displacements and stresses obtained by the present theory are in excellent agreement with the results obtained by exact elasticity solutions compared to other higher-order plate theories available in the literature.
INTRODUCTION
Due to attractive structural properties like high strength-to-weight and high stiffness-to-weight ratios, the demand of composite materials is increased in many engineering industries such as mechanical engineering, marine engineering, civil engineering, aerospace engineering, etc. Therefore, accurate prediction of bending behaviour of the structures made of advanced composite materials is an important part of the analysis. One of the important steps to develop accurate analysis of composite plates is to select a proper structural theory for the problem.
The analyses of laminated composite plates have been based on one of the following approaches. 1) Equivalent single layer (ESL) theories 2) Layer wise theories and 3) Three dimensional elasticity theories. The fundamental objective in the development of elasticity solution is to obtain accurate results of global and local quantities. These solutions are serving as benchmark solution for approximate theories. Pagano (1970) and Zenkour (2007) have developed exact elasticity solutions for rectangular bidirectional composites and sandwich plates. Since three dimensional elasticity theories and layer wise theories are computationally difficult, equivalent single layer theories are widely used for the modeling and analysis of laminated composite thick plates. The ESL theories are those in which a heterogeneous laminate plate is treated as a statically equivalent single layer having a complex constitutive behaviour, reducing the 3D continuum problem to a 2D problem.
The simplest ESL laminate theory is the classical laminated plate theory (CLPT) of Kirchhoff (1850) . But, when CLPT is applied to the analysis of composite plates it underpredicts the deflections and stresses, and overpredicts natural frequencies and critical buckling loads. This is due to neglect of transverse shear deformation. Therefore, CLPT is suitable for thin plate only. To overcome this drawback of CLPT, Mindlin (1951) has developed first order shear deformation theory (FSDT) which considers the linear variation of transverse shear deformation across the thickness of the plate. The FSDT shows constant variation of transverse shear stress through the thickness of the plate and required shear correction factor to properly account the strain energy due to shear deformation. These limitations of CLPT and FSDT leads to the development of higher order refined plate theories.
Several higher order refined plate theories are developed by various researchers which uses polynomial and non-polynomial type shape functions to properly account the effect of shear deformation (Polynomial: Ambartsumian, 1958; Reddy, 1984; Pandya and Kant, 1988; etc. Non-polynomial: Levy, 1877; Touratier, 1991; Soldatos, 1992; Karama et al., 2009; Mantari et al., 2012; Grover et al., 2013; Sayyad and Ghugal, 2017a etc.) . One can refer recently published review articles by Ghugal (2015a, 2017b) for other refined beam and plate theories available in the literature. Chakrabarti and Sheikh (2005) have studied the bending response of sandwich plates with stiff laminated face using six noded triangular element having seven degrees of freedom at each node. Zhen and Wanji (2007) have presented a study of global-local higher order theories for laminated composite plates. Thai et al. (2012) have presented a novel finite element formulation for static, free vibration and buckling analyses of laminated composite plates. Thai and Choi (2013) have developed a simple first order shear deformation theory for laminated composite plates, the theory contains only four unknowns and having similarities with the CPT and Navier's solution approach is used to obtain solution. Sayyad and Ghugal (2015b) have presented a four-variable trigonometric plate theory for thermoelastic bending analysis of laminated composite plates subjected to thermal load liner across the thickness.
In all the aforementioned refined plate theories, the effect of transverse normal deformation i.e. thickness stretching is neglected to minimize the unknown variables. But, according to recommendations of Kant and Swaminathan (2002) and Carrera (2005) ; the effects of both transverse shear and normal deformations plays important role to predict accurate structural behaviour of laminated composite thick plates. Few researchers have developed refined plate theories for the analysis of laminated composite plates considering both transverse shear and normal deformations such as Ghugal and Sayyad (2013) , Ghugal (2013, 2014a, b, c) , Neves et al. (2011 Neves et al. ( , 2012 , Zenkour (2013) , Carrera (1999a Carrera ( , 1999b Carrera ( , 2002 Carrera ( , 2003 .
In this paper, a new quasi-3D polynomial type plate theory is developed for the bidirectional bending analysis of laminated composite and sandwich plates. The present theory does not require a problem dependent shear correction factor as it satisfies traction free boundary conditions at top and bottom surfaces of the plate. The governing differential equations and associated boundary conditions are obtained using the principle of virtual work. The plate is analysed for simply supported boundary conditions using Navier's solution technique. To prove the efficiency of the present theory, the non-dimensional displacements and stresses obtained for laminated composite and sandwich plates and are compared with existing exact elasticity solutions and other theories. The important contributions in the present study are summarized as follows:
1) In the present study, a new higher-order shear and normal deformation theory is developed and applied for the bi-directional bending of laminated composite and sandwich plates subjected to transverse loadings. 2) Since the present theory is polynomial type, it is computationally simpler than non-polynomial type plate theories recently developed by many researchers. 3) The present theory different from the existing theories since, it considers the effects of transverse shear and normal deformations which are essential to avoid delamination type failures. Many theories available in the literature including theory of Reddy (1984) have neglected effect of transverse normal deformation i.e. thickness stretching. 4) The present theory is strongly recommended for the analysis of laminated composite and sandwich plates, because it yields accurate prediction of displacements and stresses compared to existing non-polynomial type theories. 5) The most important feature of the present theory is it predicts accurate interlaminar shear stresses as compared to any other refined plate theories available in the literature.
Modeling of the composite plate
For the present study, a cross-ply laminated composite plate made of orthotropic fibrous composite material having length 'a' in x direction, 'b' in y direction and thickness 'h' in z direction is considered (see Fig. 1 ). The plate is subjected to an out of plane load q (x, y) and the mid-plane is located at z=0.
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Figure 1: Layer numbering system of laminated composite plate.
FIFTH-ORDER SHEAR AND NORMAL DEFORMATION THEORY
A fifth-order shear and normal deformation theory is initially developed by authors for the cylindrical bending i.e. 1D analysis of laminated composite plates (Naik and Sayyad 2018) . In this study, it is extended for the bi-directional bending analysis of laminated composite and sandwich plates.
Kinematics of the present theory (FOSNDT)
The displacement field of the present theory (FOSNDT) can be expressed as 
where ij Q are the reduced elastic constants, ( x y z xy xz yz , , , , ,       ) are the stress components and ( 
Governing equations and boundary conditions
The nine variationally consistent governing differential equations associated with the present theory are obtained using the principle of virtual work. The analytical form of the principle of virtual work stated in Eq. 
where  is the variational operator. After introducing stress resultants, the Eq. (6) can be written in following 
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The governing differential equations and associated boundary conditions for the present theory can be obtained by integrating Eq. (7) by parts; collecting the coefficients of
, and
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The boundary conditions along edges are of the following form:
Along the edges x =0 and x =a, 
The extension, bending, bending-extension, bending-twisting stiffnesses used in the governing equations (9)- (17) can be obtained as 
Analytical solutions
Here, the analytical solutions of Eqs. (9)- (17) for laminated composite and sandwich plates are considered. Assuming that the plate is simply supported in such a way that tangential displacement is not admisible while the normal displacement is admisible. Following are the boundary conditions which will be satisfied the Navier's solution.
At edges x=0 and x=a ;
At edges y=0 and y=b;
Following Navier's solution procedure, the solution to the displacement variables to satisfy the above boundary conditions can be expressesd in the following forms. 
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 the displacement and stress components within the laminated composite plate under consideration can be calculated using Eqs. (1) 
NUMERICAL RESULTS AND DISCUSSION
In this section, various numerical examples solved are described and discussed for the bending analysis of laminated composite and sandwich plates using the present theory. In the present study, different configurations of the laminates are used and a simply supported plate subjected to transverse sinusoidal loading is considerd. Results are obtained using the present FOSNDT in closed form using Navier's solution technique for above geometry and loading. The accuracy of the solution is checked by comparing results obtained using the present theory (FOSNDT) with the other theories and the exact elasticity solution wherever available in the literature. The following sets of material properties are used in obtaining numerical results for the present study. Tables 1-4 and compared with those obtained by using the CLPT, the FSDT of Mindlin (1951) , HSDT of Reddy (1984) , SSNPT of Sayyad and Ghugal (2014b) and exact elasticity solution of Zenkour (2007) . The displacements and stresses are calculated at typical important locations using the following non-dimensional form. 
 
where S=a/h and E3 is the elastic modulus of the middle layer.
Example 1: In this example bi-directional bending analysis of isotropic square plate under sinusoidal loading is carried out. Material properties defined by Eq. (28) are used for the numerical study. Displacements and stresses obtained using the present theory are presented in non-dimensional form defined by Eq. (31). Results obtained by using the present theory are compared with exact elasticity solution given by Zenkour (2007) and sinusoidal shear and normal plate theory (SSNPT) of Sayyad and Ghugal (2014b) . The results shown in Table 1 reveals that, the present theory accurately predicts the displacements and in-plane normal stresses for thin, moderately thick and thick plates, whereas exact results for in-plane shear stresses are not available in the literature. Transverse shear stresses predicted by the present theory are in excellent agreement with those obtained by using exact elasticity solution.
Example 2: In this example, the present theory is applied for the bending analysis of two-layer (0 0 /90 0 ) antisymmetric laminated composite plates subjected to sinusoidal load. The plate is made up of fibrous composite material defined in Eq. (30). The layers are of equal thickness i.e. h/2. The non-dimensional displacements and stresses obtained using the present theory are presented in Table 2 and are compared with classical laminated plate theory (CLPT) of Kirchhoff, first order shear deformation theory (FSDT) of Mindlin (1951) , SSNPT of Sayyad and Ghugal (2014b) , HSDT of Reddy (1984) , and exact elasticity solution given by Zenkour (2007) . The examination of Table 2 shows that the transverse displacements obtained by using the present theory are in excellent agreement with exact solution compared to HSDT and SSNPT. This is in fact due to inclusion of transverse normal deformation along with fourth-order variation of transverse displacement. The in-plane normal stress ( y  ) predicted by the present theory is also in excellent agreement with exact solution. The present theory yields accurate transverse shear stresses compared to HSDT and SSNPT. This can be considered as a major contribution of the present theory over existing theories. This accuracy of transverse shear stresses is not achieved by other theories such as HSDT of Reddy (1984) and SSNPT of Sayyad and Ghugal (2014b) . FSDT and CLPT underestimate the numerical results due to negelect of transverse shear and normal stresses. Through-thethickness distributions of in-plane displacement, in-plane normal stresses and transverse shear stresses for 0 0 /90 0 laminated composite plates subjected to sinusoidal load are shown in Figs. 2 through 6 . The variation of transverse displacement with respect to aspect ratio is shown in Fig. 7 .
Example 3: In this example, an efficiency of the present theory is checked for the symmetric laminated laminated composite plates. Three layered (0 0 /90 0 /0 0 ) symmetric laminated composite plate made up of fibrous composite material subjected to sinusoidal load is considered for the numerical study. Material properites are mentioned in Eq. (30). The layers are of equal thickness i.e. h/3. Non-dimensional displacements and stresses are tabulated in Table 3 and the through thickness distributions of in-plane displacement at support, normal stress at mid span and transverse shear stress at boundary edges under the sinusoidal loading are plotted in Figs. 8 through 12. Variation of transverse displacement with respect to aspect ratio is plotted in Fig. 13 . The present results are compared with exact solution, CLPT, FSDT, HSDT and SSNPT. It is pointed out from the Table 3 that the transverse displacements and shear stresses obtained by using the present theory are in excellent agreement with exact elasticity solutions. In-plane normal stresses are slightly on higher side compared to other theories available in the literature. FSDT and CLPT underestimate the results.
Example 4: Composite sandwich plates are basically a special form of fibre reinforced composite plates composed of two thin strong, stiff layers (face sheets) which resist bending bonded to a relatively thicker, less dense layer (core) to resist shear force. The validity of the present theory is also checked for the bending analysis of symmetric sandwich plate. A three layered (0 0 /core/90 0 ) sandwich plate having face sheets of thickness 0.1h each and soft core of thickness 0.8h is considered for the analysis. The material properties of the face sheets are given by Eq. (30) while those for core are given by Eq. (29). Table 4 shows the non-dimensional displacements and stresses. The numerical results obtained by using the present theory are compared with those obtained by SSNPT and exact solution. It is observed that the results obtained by using the present theory are in good agreement with the exact elasticity solution and SSNPT. The through thickness distributions of in-plane displacement, in-plane normal stresses and transverse shear stresses are plotted in Figs. 14 through 18. It is pointed from the distribution that the normal stresses in the core (middle layer) are very less compared to those in face sheets. This is in fact due to high face sheet stiffness to core stiffness ratio. Variation of transverse displacement with aspect ratio is shown in Fig. 19 . 
CONCLUSIONS
A new fifth-order shear and normal deformation theory is developed for the bi-directional bending analysis of laminated composite and sandwich plates subjected to transverse loads. This theory considered the effects of both transverse shear and normal deformations. In-plane and transverse displacements uses a polynomial shape function expanded up to fifth-order in terms of the thickness coordinate to properly account the effects of transverse shear and normal deformations. The present theory does not require a problem dependent shear correction factor as it satisfies traction free boundary conditions at top and bottom surfaces of the plate using constitutive relations. The plate is analysed for simply supported boundary conditions using Navier's solution technique. From the numerical study and discussion of results it is concluded that the present theory yields accurate prediction of displacements and stresses for all types of laminate configurations compared to other lower and higher order plate theories available in the iterature. The most important contribution of the present theory over existing theories is, it estimates accurate transverse shear stresses for laminated composite and sandwich plates. This accuracy is achieved by including fifth-order variation of displacements and transverse normal deformation. Therefore, it is strongly recommended that, for the accurate analysis of laminated composite and sandwich thick plates, effects of both transverse shear and normal deformations are essential.
